'Department of Chemistry , Gakushuin University, Mejiro 1-5-1, Toshima-ku, Tokyo 171, Japan 2Institute of Geoscience , University of Tsukuba, Tsukuba, Ibaraki 305, Japan 3Radio Isotope Centre , University of Tokyo, Yayoi, Bunkyou-ku, Tokyo 113, Japan (Received October 3, 1994; Accepted December 12, 1994) Hf-Zr interdiffusivity in zircon has been determined on hafnon-zircon double-layered crystals using back-scattered electron image contrast in a scanning electron microscope. The observed Hf-Zr interdiffusion coefficient at 1600°C and 1500°C in the direction perpendicular to the c-axis is 2 x 10-15 and 3 x 10-16 cm2/sec, respectively.
The value observed at 1600°C perpendicular to the c-axis is about an order of magnitude higher compared with the value of -2 x 10-16 cm2/sec along the c-axis. These observed low diffusivity values suggest that diffusivities of Th and U in zircon are expected to be similarly low.
INTRODUCTION
In a previous paper (Suzuki et al., 1992 ) we reported an upper-limit value of < 1 x 10-15 cm2/sec for Hf-Zr interdiffusion coefficient (D) in zircon at 1600°C, and concluded that U and Th which have similar ionic sizes (Shannon and Prewitt, 1969 ) also show similarly low D's. We used hafnon-zircon double-layered single crystal and a scanning electron microscope (SEM) equipped with energy-dispersive X-ray analysis system (EDS) for measurement of Hf, Zr-diffusion profile. Because of the relatively low spatial resolution of a few µm of EDS, in addition to the extremely low Hf-Zr inter-diffusivity, we could obtain only an upper limit value of D for Hf-Zr interdiffusion. Furthermore, possible decomposi tion of hafnon-zircon system at temperatures higher than 1600°C hinders experiments at higher temperatures where diffusion range is expected to be wide enough for the spatial resolution of EDS.
Thus we concluded it is practically impossible to obtain a better Hf-Zr interdiffusivity value by X ray micro-analysis.
Compared with the low resolution of EDS, the SEM image offers much better spatial resolution. However, secondary electron (SE) image of a SEM normally does not have high contrast, depending on the chemical composition. The back-scattered electron (BE) image in the SEM, on the other hand, offers higher image contrast for composi tionally different minerals, though spatial resolu tion is a little lower than that of SE image. How ever, BE image contrast has not been used as a tool for chemical analysis because it is susceptible to the operational conditions of SEM machine and has insufficient accuracy in the ordinary sense of analytical chemistry, and, in principle, its appli cability is limited to the simple systems containing only two components. We applied BE image contrast to determine Hf-Zr concentration profiles in the synthetic hafnon-zircon system which ap Hafnon-zircon double-layered single crystals used in this study are those synthesized in the previous work (Suzuki et al., 1992) . Hafnon crystals were synthesized using Li20-Mo03 flux system, and zircon layers were epitaxially grown over the surface of the hafnon crystals in the same flux system.
Diffusion annealing was performed in a SiC resistance furnace controlled by an automatic PID temperature control unit. The ranges of heating temperature and time duration of diffusion an nealing were from 1500 to 1600°C and from 12 to 106 days, respectively. After diffusion annealing the samples were cut along the c-axis and pol ished for determination of diffusion profiles. Dif fusion profiles were determined by BE image contrast using a Hitachi S-2400 SEM instrument. The BE image contrast at the hafnon-zircon boundaries was measured by BE intensity display at line setting. The BE intensity profiles thus ob served were converted to Hf-Zr concentration profiles by calibrating with the BE intensity ob tained from the synthetic crystals of hafnon-zir con solid solution with known compositions (Hf:Zr ratio of 0:1, about 1:3, 1:1 and 1:0).
RESULTS AND DISCUSSION
The SEM pictures of the sample at the hafnon zircon boundaries before and after annealing at 1600°C for 12 days are shown in Fig. 1 C(x, t) = 0. 5[1 erf(x / 2 Dt )], (1) where C(x, t) is the molar concentration of ZrSi04 or HfSi04 at a distance of x measured from the original boundary and at time t (e.g., Jost, 1965 The observed values of D in zircon are plotted in Fig. 3 , together with those for other minerals published in the literature. It is difficult to compare these values directly to those observed for other common rock-forming minerals since most of the experimental values reported elsewhere are deter mined at lower temperatures. However, the val ues observed in this study, compared with the lit erature values for other silicates extrapolated to the same temperature, are among the lowest values of ionic diffusion in silicates (e.g., Freer, 1981) . Comparable values are seen only in the diffusion of 0 or Si, or coupled diffusion of paired ions such as Mg-Si vs Al-Al in melilite solid solution of gehlenite-akermanite system (Morioka and Nagasawa, 1991) .
The observed value of D in the direction per pendicular to the c-axis is larger than that along c-axis. In both olivine and melilite anisotropic diffusion was observed: D is larger in the direc tion of lined vacant sites (c-axis for olivine and a axis for melilite) than in other directions (Clark and Long, 1971; Morioka and Nagasawa, 1991) . Thus the observed larger D along the a-axis can be *Determined by EDS (Suzuki et al ., 1992) . Buening and Buseck (1973) , Chakraborty and Ganguly (1990) , Cygan and Lasaga (1985) , Jaoul et al . (1981) , Houlier et al. (1990) , Meisner (1974) and Morioka (1981) . attributed, as in the cases for olivine and melilite, to the sequence of vacant 6-fold sites lined along these axes (Finger, 1974) , which may enhance the diffusivity of the cations along these directions. of determination, the calculated value of activa tion energy (Q), 520 kJ/mol, is subjected to a relatively large uncertainty of ±100 kJ/mole cal culated by postulating 15% error in D. The ob served temperature dependence of D is among the largest values observed for cation diffusion in silicate minerals, although the uncertainty is fairly large. The large Q value indicates that diffusivity decreases quickly as temperature decreases. For the purpose of explaining the observed diffusivity of ions in mineral crystals, crystal structure and melting temperature of the mineral and the valency of the diffusing ions are customerily referred to. Zircon has a rather tight structure similar to that of garnet (Speer, 1980) . This tight structure appears to result in the strong selective incorporation of heavy rare earths (REE) over light REE seen in the mineral/magma parti tion patterns of both zircon and garnet (Nagasawa, 1970; Schnetzler and Philpotts, 1970) . Zircon has the lowest compressibility coefficient of any measured substances with tetrahedrally coordinated Si (Speer, 1980) . This tight structure of zircon may be a reason for the low diffusivity of Hf and Zr in zircon. However, D's of divalent cations in garnet are not necessarily smaller compared with those in other silicate minerals.
It is generally seen that diffusivity tends to be smaller in a media with high melting temperature (Flynn, 1972) . Zircon is stable up to 1676°C and decomposes to Zr02 and Si02 and Si02 melts at 1687°C (Buttermann and Foster, 1967) . Thus it is difficult to judge if the high melting temperature is one of the reason for the low D observed.
High valency of Hf+ and Zr4+ is another pos sible reason for the observed low D since ions with higher valency generally show smaller mobility among the ions with similar sizes (e.g., Jost, 1960) . Although it is difficult to choose one or more rea sons as the major cause of the low D in zircon, it is rather natural to envisage that Hf and Zr show low D in zircon on the basis of all these reasons combined. Fukuoka (1974 Fukuoka ( , 1990 reported that U-Io age of acidic magma determined by zircon-glass pairs are, in many cases, significantly older than the eruption age of the magma. He suggested that U Io age of the zircon-glass pair would provide a measure for the life-time of the magma, assuming that zircon had crystallied at the earliest stage of magma formation. In the previous paper (Suzuki et al., 1992) we examined possible diffusive loss of U and lo from zircon in the magma in the temperature range of 800-900°C and concluded that the zircon-glass age appears to be little af fected during the life-time of magma based on the observed low upper-limit value of D. This con clusion is essentially unchanged on the basis of the values observed in this study. As shown in Fig. 4 , Hf-Zr interdiffusivity at 900°C is expected to be below 10-22 cm2/sec by extrapolation from the observed value with an error of +100 U for Q. U4+ and Th4+ would also have similarly low D values since these ions have sizes similar to Hf4+ and Zr4+.
It is uncertain if Pb isotopes which are the eventual decay products of U and Th also have similarly low D's. In fact, very large D's of the order of 10-15 to 10-17 cm2/sec in the temperature range of 550800°C were reported by Cherniak et al. (1991) determined by ion implantation and Rutherford back-scattering technique. However, the authors suggested that these values appear to be too high for D of Pb in zircon possibly due to the radiation damage introduced by ion implanta tion of Pb in the original sample and low ability of zircon to anneal radiation damage. Since Pb is thought to be in a divalent state in nature, lower valency tends to increase diffusivity, while con siderably larger ionic radius (1.18 A; Shannon and Prewitt, 1969) tends to decrease diffusivity.
